The rate at which reducing equivalents equilibrate among the several oxidation-reduction active sites in xanthine oxidase has been investigated using a pHjump technique in which partially reduced enzyme in dilute buffer is mixed with concentrated anaerobic buffer at a different pH in a conventional stopped flow apparatus. It is found that the rate constant associated with the observed spectral change varies with pH, Milk xanthine oxidase is a complex molybdoflavoprotein containing a molybdenum center, FAD, and a pair of 2Fe/2S iron-sulfur centers in each of its two catalytically independent subunits (1-3). The enzyme is reduced by xanthine at the molybdenum center (giving uric acid as the product) and oxidized by molecular oxygen at the flavin (giving either peroxide or superoxide, depending on the conditions; Refs. 4 and 5). The intramolecular transfer of reducing equivalents from molybdenum to FAD is thus an integral aspect of the catalytic cycle. It has been shown that the equilibrium properties of xanthine oxidase are well described by a model in which it is assumed that the equilibration of reducing equivalents among the several oxidation-reduction active centers in the enzyme is rapid and determined solely by the relative
Milk xanthine oxidase is a complex molybdoflavoprotein containing a molybdenum center, FAD, and a pair of 2Fe/2S iron-sulfur centers in each of its two catalytically independent subunits (1) (2) (3) . The enzyme is reduced by xanthine at the molybdenum center (giving uric acid as the product) and oxidized by molecular oxygen at the flavin (giving either peroxide or superoxide, depending on the conditions; Refs. 4 and 5) . The intramolecular transfer of reducing equivalents from molybdenum to FAD is thus an integral aspect of the catalytic cycle. It has been shown that the equilibrium properties of xanthine oxidase are well described by a model in which it is assumed that the equilibration of reducing equivalents among the several oxidation-reduction active centers in the enzyme is rapid and determined solely by the relative oxidation-reduction potentials of the centers (6, 7) . Successful kinetic simulations of both the reductive (6) and oxidative (4, 5) half-reactions of the catalytic cycle also lend support to the hypothesis that the oxidati0~-reduction equi~ibration is in fact rapid. In these simulations, the distribution of reducing equivalents within the partially reduced enzyme intermediates necessarily encountered in each half-reaction (e.g. two-and four-electron reduced enzyme) are calculated using equations derived from the rapid equilibrium model and the spectral properties of the species and their chemical reactivities toward either oxygen or xanthine then determined from these electron distributions. The ability of the simulations (based on a single set of relative oxidation-reduction potentials used in the calculations) to describe accurately the time courses observed in both the oxidative and reductive half-reactions under a variety of conditions has been interpreted to indicate that the equi~bration of reducing equivalents w i t~n the enzyme must be rapid relative to the limiting rates at which electrons enter or leave the enzyme in the course of these reactions. On the basis of this work, a lower limit of some 100 s-l for the rate of internal electron transfer has been estimated for reactions taking place in 0.1 M pyrophosphate, pH 8.5 (6) .
This lower limit is consistent with the results of severai other kinetic observations with the enzyme as well. Rapid freeze-quench experiments have been performed, for example, where the oxidation state of the m o~y~e n u m center is monitored by electron paramagnetic resmance in the course of the reduction of enzyme by xanthine. It is found in these studies that Mo" appears on a millisecond time scale (8) . The species giving rise to the most rapidly developing Mov signal (the so-called Very Rapid signal) can only be formed under the experimental conditions by transfer of an electron from molybdenum to another site in the enzyme subsequent to the two-electron reduction of the molybdenum center by substrate (to give Mo"). This electron transfer from the ~olybdenum center to other sites in the enzyme must be comparably rapid to the appearance of the Very Rapid EPR signal, which develops with an apparent rate constant of 170 s-' (8). The lower limit of 100 s-l for internal electron transfer is also consistent with the observation that the limiting rate constants observed in the fast phase of the reaction of reduced enzyme with oxygen at 450 and 550 nm are virtually identical at approximately 125 s-' (9). The spectral change at 550 nm in this reaction is due entirely to reoxidation of the ironsulfur centers, whereas the change at 450 nm has a large contribution from the FAD (greater than 50%). A comparison of the limiting rate constants extrapolated to infinite oxygen concentration for these two wavelengths thus reflects the relative rates at which reducing equivalents are removed from these centers in the course of the reaction. As the reaction of reduced enzyme with oxygen takes place exclusively at the FAD site (lo), a slow rate of internal electron transfer between 1241 ~q~i l~r u~w n of Redwing ~q u~~u~n~~ wi~hin Milk X u n~h i~ Oxiduse iron-sulfur centers and flavin would be reflected in slower reoxidation kinetics at wavelengths where the former centers were primarily responsible for the spectral change observed on reoxidation. The observation of identical limiting rate constants at 450 nm and 550 nm (9) is unexpected if the transfer of reducing equivalents from iron-sulfur centers to flavin in the course of enzyme reoxidation is even partially rate-limiting, since this would have the effect of decreasing the rate constant observed at 550 nm relative to that at 450 nm. Finally, reductive half-reaction studies with enzyme containing chemically modified flavin derivatives of widely varying oxidation-reduction potential support a rapid rate for equilibration. It is found during reduction of these enzyme species with xanthine that the time courses observed at wavelengths monitoring iron-sulfur and flavin reduction vary systematically relative to one another in a manner that is dependent on the flavin midpoint potential (7). In those enzyme species containing a flavin analog of high midpoint potential, it is found that flavin reduction precedes that of iron-sulfur (as evidenced by a pronounced lag in the time course observed at the wavelength used to monitor iron-sulfur reduction; it should be emphasized that the limiting rates for flavin and iron-sulfur reduction in these reactions are invariably found to be identical, Ref. 7), whereas when a flavin analog of low midpoint potential is present, the reverse is true. These results are most readily interpreted if it is assumed that equilibration of reducing equivalents within the enzyme is rapid relative to the rate at which they are int~duced into the enzyme in the course of the reductive h a l f -r e a~i o n ~a p p~x~m a t e l y 35 s" in the limit of infinite xanthine concentration under the conditions used in these experiments; Ref. It has recently been concluded from flash photolysis experiments, however, that at least at low pH and very low levels of enzyme reduction the intramolecular equilibration of reducing equivalents between molybdenum and flavin, as well as the iron-sulfur centers and flavin is no faster than approximately 12 s" (11). This rate is not sufficient to support the observed limiting rate of enzyme reduction by xanthine under the conditions of the flash photolysis experiment (k,, = 20 s" in 0.1 M phosphate, pH 7.0, 25 "C; Ref. 6 ), nor can it account for the rapid oxidation of .the iron-sulfur and molybdenum centers in the course of the oxidative half-reaction (approximately 90 s-l, Ref. 9). As an alternative experimental approach to the problem, an examination of the rate of internal electron equilibration within xanthine oxidase has been undertaken using the pH-jump technique. This method takes advantage of the known pH dependence of the oxidation-reduction potentials of xanthine oxidase (12) to rapidly perturb the distribution of reducing equivalents within partially reduced xanthine oxidase. The present results indicate that the rates of electron equilibration within the enzyme are invariably rapid relative to enzyme turnover (under the same conditions) and lend support to the concept of rapid oxidation-reduction equilibration within the enzyme. At 25 "C in 0.05 M sodium pyrophosphate buffer, pH 8.5, the conditions most widely employed in kinetic studies of xanthine oxidase, the observed rate constant associated with electron equilibration, is found to be approximately 330 s" (kat under the same conditions is 35 s-I; Ref. 6).
MATERIALS AND METHODS
Xanthine oxidase was prepared by the method of Massey et aZ. (13) with only minor modifications. As a final step in the purification, the folate affinity procedure of Nishino et al. (14) was used. Desulfoxanthine oxidase, devoid of a catalytically essential sulfur atom at the molybdenum center, was prepared by reaction of the enzyme with sodium cyanide (15) and deflavo enzyme, lacking the FAD cofactor, by incubation with calcium chloride (10). In the latter preparation, the following modification of the literature procedure was used to ensure the FAD reconstitutability of the deflavo enzyme preparation, owing to variations in the quality of commercial samples of CaCI2. Enzyme was incubated in 0.1 M Tris, 0.3 mM EDTA, pH 8.0, and 1.6 M CaClz on ice for 45 min to 1 h. The incubation was then applied to a Sephadex G-25 column a t 4 "C, equlibrated with 0.1 M Tris, 0.3 mM EDTA, 5 mM dithiothreitol, pH 8.0, and eluted with the same buffer. The resulting deflavo enzyme had less than 1% o f the xanthineoxygen activity of the starting material and was fully ~o n s t i t u t a b l e on incubation overnight with an excess of FAD.
Kinetic data were collected with a stopped flow spectrophotometer designed and built by Dr. David P. Ballou, Dept. of Biological Chemistry, University of Michigan (16), and laced on-line to a Data General Nova 2 minicomputer. The prese$ study was greatly facilitated by the ability to record a baseline-corrected absorption spectrum with this instrument at the completion of a kinetic time course; the difference spectra reported herein were obtained by subtraction of endpoint spectra recorded subsequent to mixing partially reduced enzyme with anaerobic buffers of high and low pH. The pH was jumped in the kinetic experiments by preparing partially reduced xanthine oxidase in 10 mM buffer at one pH and mixing with anaerobic 0.1 M buffer at a second pH value. As the enzyme was found to be unstable at low pH and low ionic strengkh, solutions were made 0.1 N in NaCl where appropriate. The final pH in all cases was determined by measurement of the stopped flow effluent.
In an effort to ascertain whether any slow protonation or deprotonation of groups on the enzyme were rate-limiting in the spectral changes being monitored in the pH-jump experiments, xanthine oxidase (approximately 40 p~) in 0.1 N NaCl was carefully adjusted to pH 9 in the presence of phenol red indicator and mixed in the stopped flow apparatus with 10 mM Mes,) 0.1 M NaCI, pH 6.1, following the reaction at either 560 nm or 420 nm. With both oxidized and xanthine-reduced enzyme, the spectral change associated with protonation of the indicator occurred in the dead time of the stopped flow apparatus. In neither case were spectral changes observed that would have suggested proton uptake by the enzyme on a timescale comparable to that for the spectral changes reflecting the re-equilibration of reducing equivalents within partially reduced enzyme, as discussed in the text.
The stopped flow experiments were found to be quite sensitive to contaminating oxygen, which was manifested by the occasional observation of a slow phase of variable rate and amplitude (& -5-10 s-l) in the time course observed following a jump in the pH. This slow phase never accounted for more than 15% of the observed spectral change and was established to be due to enzyme reoxidation by trace amounts of oxygen from its wavelength dependence. When care was taken to ensure scrupulous anaerobiosis, with the addition of an oxygen scrubbing system (consisting of protocatechuic acid and protocatechuate dioxygenase, kindly provided by the laboratory of Dr. David P. Ballou, Dept. of Biological Chemistry, University of Michigan) to both the enzyme solution and the concentrated buffer with which it was to be mixed, the appearance of the slow phase was minimized or eliminated. In this work, the level of enzyme reduction that is reported has been estimated from a comparison of the observed fractional absorbance change at 550 nm seen on reduction of enzyme by sodium dithionite with a standardization plot of the fractional absorbance change at 550 nm versus the number of reducing equivalents present in the enzyme. This standardization was obtained from a control titration of the enzyme at pH 10 with a solution of sodium dithionite The rate constants associated with the oxidative and reductive half-reactions referred to in this paper are those which reflect the oxygen. It has been shown for both half-reactions that the observed intrinsic reactivity of xanthine oxidase toward either xanthine or limiting rate constant (it-., the limiting slope in semilogarithmic plots of the kinetic time courses), extrapolated to infinite substrate concentration, underest~ates the true intrinsic rate constant by a factor of approximately 2. The reason for this has to do with the necessarily sequential nature of both oxidative and reductive half-reactions and the inappropriateness of the assumptions regarding the reaction that
The abbreviations used are: Mes, 4-morpholineethanesulfonic acid; Mops, 4-morpholinepropanesulfonic acid; Bicine, N,N-bis(2-hydroxyethy1)glycine; Pipes, 1,4-piperazinediethanesulfonic acid.
are implicitly assumed in the semilogarithmic analysis. The theoretical justification for these observations is discussed by Olson et al. (6) .
Violapterin used in these studies was prepared by enzymic action on lumazine (purchased from Aldrich) and recrystallized as described by Davis (18) ; phenol red was also from Aldrich. Sodium dithionite was obtained from Virginia Chemical
Co. and alloxanthine, Mes, Mops, and Bicine were purchased from Sigma. Lumiflavin 3-acetate was the gift of Dr. Sandro Ghisla, Dept. of Chemistry, University of Konstanz, Konstanz, FRG.
RESULTS AND DISCUSSION
The Kinetics of the Spectral Change Observed Subsequent to a pH-jump-The room temperature oxidation-reduction potentials of xanthine oxidase, as determined potentiometrically (12) at both high and low pH, are given in Table I , along with the levels of reduction for each center in 50% reduced enzyme (i.e. three electrons per enzyme active site) calculated on the basis of a rapid equilibrium model (4) . It may be seen that the calculations indicate that at this level of enzyme reduction a rapid change in pH from 9 to 6 would lead to a net oxidation of Fe/S I in favor of reduction of FADH. and Mo". That these changes in electron distribution give rise to discernible spectral changes is shown in Fig. 1 , which shows the changes in the spectrum of approximately 50% xanthine oxidase on changing the pH (upper panel), and the (low pH)
-(high pH) difference spectra observed at several levels of enzyme reduction (lower panel). On decreasing the pH from 10 to 6, a net increase in the difference spectrum at wavelengths longer than 500 nm is observed, due to the formation of the neutral flavin semiquinone and the partial reoxidation of Fe/S I at the lower pH. These results indicate that the spectrum of partially reduced enzyme is in fact pH-dependent and may be used as an experimental probe to study the kinetics of the equilibration of reducing equivalents within partially reduced enzyme.
The kinetic time courses observed at 525 nm on jumping the pH from 9 to 6, and the reverse, are shown in Fig. 2 . The reactions are quite rapid and monophasic, exhibiting rate constants of 155 and 330 s" for the downward and upward jumps, respectively. A comparison of the extent of the absorbance change observed kinetically with the static difference spectrum indicates that approximately half of the spectral change anticipated on the basis of the static difference spectra cannot be detected kinetically (Fig. 1, lower panel) . This indicates that the re-equilibration reaction must be at least biphasic with the faster phase occurring sufficiently rapidly that it is essentially complete in the dead time of the stopped flow apparatus (approximately 2 ms). This value of approximately 50% is arrived at after taking into account that portion of the spectral change occurring with a rate constant of 155 s" that also takes place in the dead time (this correction is not large in any case, approximately 5%). The amount of 
The difference spectra of partially reduced xanthine oxidase at pH 6.1 minus enzyme at the same level of reduction at pH 9.6. The spectral changes shown are for enzyme at approximately 17% ( A ) , 50% ( B ) , and 75% (C) reduction (based on the absorbance change at 550 nm on reduction of the enzyme with sodium dithionite). The enzyme concentration was 17 PM and the light path 2.0 cm. The difference spectra were generated by computer subtraction of spectra obtained with the stopped flow spectrophotometer after mixing partially reduced enzyme in dilute buffer with anaerobic buffer at either high or low pH. The arrows in the lowerpanel indicate the extent of the kinetically observable spectral change a t 525 nm, as discussed in the text. spectral change observed kinetically for each of the static difference spectra in Fig. 1 is indicated by the arrow a t 525 nm for each of the difference spectra shown.
In order to determine the wavelength dependence of the dead time spectral change accurately, it is necessary to take into account the spectral change anticipated for the ionization of N-3 of the flavin. This spectral change is shown in the upper panel to Fig. 3 and was obtained by subtracting the spectrum of oxidized xanthine oxidase (initially in dilute buffer) mixed with high pH buffer from that mixed with low. The wavelength dependence of the corrected dead time spectral change (taking into account only the amount of flavin that is fully oxidized) is given in the lower panel to Fig. 3 and above 450 nm is found to compare favorably with the spectral change associated with the oxidation of iron-sulfur centers in xanthine oxidase given as the solid line (15) . Furthermore, it is within 10% of the anticipated magnitude on the basis of the calculations given in Table I . The discrepancy between the dead time spectral change and the oxidized-reduced difference spectrum for the iron-sulfur centers below 450 nm is unknown and presently under investigation. It appears likely, however, that one of the iron-sulfur centers (presumably Fe/ S I on the basis of the calculations given in Table I , see discussion below) is involved in an equilibration process that takes place extremely rapidly but does not involve the flavin center of the enzyme. pH and Temperature Dependence of the Rate of Electron Re-equilibration-In an effort to gain further insight into the nature of the process giving rise to the observed spectral change subsequent to a pH-jump, the dependence of the observed rate constant on several experimental conditions was examined. It was found that hbs was independent of the level of enzyme reduction between 20% and 80% reduced enzyme. Similarly, no effect on the observed rate constant was found on varying the ionic strength of the buffer solution or the nature of the buffer itself. Bicine, glycine, or pyrophosphate at high pH and phosphate or Mes at low pH were used. (In the upward pH-jump experiments, it was found necessary to add 0.1 M NaCl to the low pH low concentration buffer solution to stabilize the enzyme, which otherwise precipitated.) Furthermore, neither the initial pH nor the direction from which the final pH was approached had any effect on kba. Thus, rate constants of approximately 160 s-l were obtained when the pH was jumped to 6.2, regardless of whether the initial pH was low (pH 5.5 in Mes buffer) or high (pH 9.9 in glycine buffer) and consistent rates were observed when the pH was jumped from a low value (pH 6.0 Mes buffer) to a high one, using either pyrophosphate or glycine to buffer the final pH. The observed rate was dependent on the final pH, however, being twice as great when the final pH was 8.5 than when it was 6.0 (Fig. 4) . While this pH dependence is s i~i~c a n t , it should be noted that rates faster than 100 s" are always observed and that, at a given pH, the observed rate constant is invariably on the order of 10-fold greater than kcat under the same conditions. Thus, at pH 7, kcet is approximately 20 s" and the observed rate constant subsequent to the pH-jump is greater than 200 6 ' ; at pH 8.5, the values are 35 s" and 330 s", respectively.
The observed rate constant for the pH-jump experiment was also found to be temperature-dependent as is shown in Fig. 5 . It may be seen that the apparent activation energy thus determined from the Arrhenius plot at either high or low pH is independent of the buffer used and the ionic strength, but is approximately twice as great at pH 6.1 (19.8 kcal/mol) as at pH 8.5 (8.7 kcal/mol).
pH-jump in the Presence of Alloxanthine and ViolapterinIn order to determine the role, if any of the molybdenum center in the re-equilibration of reducing equivalents within xanthine oxidase, the pH-jump experiments were performed in the presence of alloxanthine. ~loxanthine is a potent inhibitor of xanthine oxidase that acts by binding very tightly to the reduced form of the molybdenum center (19) . This binding is essentially irreversible and it would be expected in the present experiments that alloxanthine, properly equili- brated with the Partially reduced enzyme, would ensure that the molybdenum center remained in the (IV) valence state at both low and high pH, and thus remove it from the equilibration process altogether.
The effect of alloxanthine on the static (low pH) -(high pH) difference spectrum of partially reduced xanthine oxidase is shown in the upper panel to Fig. 6 . The major effect is that the spectral change seen after partial reduction and prolonged equilibration prior to the pH-jump (to permit formation of the inhibitory complex) is smaller with a given aliquot of dithionite than is the case with native enzyme. This is because the high molybdenum midpoint potential in the presence of alloxanthine ensures that the molybdenum center, which does not contribute appreciably to the absorbance change observed on reduction, contains a greater proportion of the added reducing equivalents than would otherwise be the case. It may be seen that alloxanthine also perturbs the shape of the (low pH) -(high pH) difference spectrum somewhat, although the effect is rather subtle (compare with the difference spectra shown in Fig. 1) . As may be seen in the lower panel of Fig. 5 , alloxanthine binding has little if any effect on the observed rate associated with the equilibration process (kobs = 160 s-').
When the extent of the kinetically observable spectral change is compared with the static difference spectrum, however, it is found that binding alloxanthine to the molybdenum center has the effect of eliminating the very rapid process(es) taking place in the dead time of the stopped flow apparatus. All of the spectral change anticipated on the basis of the static difference spectrum may be accounted for by the observed time course. It may thus be concluded that the molybdenum center is involved in the re-equilibration process taking place in the dead time of the stopped flow apparatus. In conjunction with the above conclusion regarding the likely involvement of Fe/S I in this process as well, it would appear that the net transfer of reducing equivalents from Fe/S I to molybdenum subsequent to a rapid decrease in pH accounts at least in part for the kinetically unobservable spectral change that takes place.
In an attempt to monitor the molybdenum center directly by spectrophotometry, pH-jump experiments were performed in the presence of violapterin. Violapterin binds reversibly to the reduced molybdenum to give a charge-transfer complex that absorbs strongly beyond 500 nm, providing a convenient spectral probe for the molybdenum center (18) . Along with this charge-transfer complex formation, violapterin raises the midpoint potential of the molybdenum center by approximately 80 mV,' as do other aromatic heterocycles (20) , and this must be taken into account when calculating the distribution of reducing equivalents within the violapterin-complexed enzyme. In order to avoid potential difficulties with the kinetics of violapterin binding to xanthine oxidase being partially rate-limiting in the re-equilibration subsequent to the pH-jump, the jump was made to higher rather than lower pH. It is found, unfo~unate~y, that the kinetically observable process, constituting approximately 25% of the spectral change anticipated from the static (low pH) -(high pH) difference spectrum of partially reduced enzyme in the presence of excess violapterin, took place quite slowly (!cobs -0.2 s-') when the pH was rapidly increased from 6.2 to 9.9 (Fig.  7 ) . This rate constant is very similar to that determined for the dissociation of violapterin from reduced enzyme (18) and it is concluded that these processes constitute the rate-determining steps for the formation or loss of the charge-transfer complex in the downward or upward pH-jumps, respectively, and not electron re-equilibration within the complexed enzyme. Due to this dif~culty, the observations were not pursued further. It may be noted on a quaIitative basis, however, that some 75% of the anticipated spectral change cannot be accounted for kinetically (Fig. 7 , upper panel} and this (dead time) equilibration of reducing equivalents in all likelihood does involve the molybdenum center.
pH-jump Experiments with Deflauoxanthine Oxidase-To examine the role of the flavin in the time courses observed in the pH-jump experiments with native xanthine oxidase, experiments were performed on enzyme which had been stripped of its flavin cofactor. With this form of the enzyme, calculations indicate that at moderate levels of enzyme reduction the principal effect of jumping the pH from high to low pH will be a partial oxidation of iron-sulfur center I in favor of * R. Hille The arrow in the upper p a n e l reflects the fractions of the static spectral change accounted for by the kinetic time course; it is less than 10%.
reduction of the molybdenum center to Mo". As shown in Fig.   8 , it is found that only 10% of the spectral change could be observed kinetically and that approximately half of this took place quite slowly (hobs = 0.5 s-I). These results must be interpreted with caution. The effects of removing the flavin on the structural integrity of the enzyme are unknown (although these must be reversible on the basis of the fact that deflavo enzyme is capable of quantitatively reconstituting with FAD) and it is possible that there is sufficient disruption of the oxidation-reduction interactions among the sites in a small portion of the apoprotein population that the re-equilibration of reducing equivalents is slower than would otherwise be the case. The slow spectral change observed with deflavoxanthine oxidase is thus of uncertain relevance to the native enzyme. What is clear, however, is that 90% or more of the anticipated spectral change with deflavo enzyme takes place in the dead time of the stopped flow apparatus. The principal effect of removing the flavin from the enzyme is thus to virtually eliminate the kinetically observable spectral change that is seen with native enzyme.
Conclusions-The present work demonstrates that the pHjump technique is a valid method whereby the distribution of reducing equivalents within xanthine oxidase may be perturbed on the millisecond timescale. It is found that the reequilibration process is at least biphasic, with approximately 50% of the reaction taking place with a rate constant of 330 s" (in pyrophosphate buffer at pH 8.5; the most commonly employed conditions in studies of the kinetics of xanthine oxidase), the remainder of the spectral change occurs in the dead time of the stopped flow apparatus (approximately 2 ms). From the calculated distribution of reducing equivalents before and after a pH-jump (Table I ), the kinetically observable spectral change may be assigned to the equilibration of a reducing equivalent between the neutral flavin semiquinone and iron-sulfur center I. This assignment is consistent with the observations that removal of the FAD from the enzyme eliminates this part of the spectral change, while complexing the molybdenum center with alloxanthine to remove this site from the re-equilibration processes is without effect on the observed rate (but abolishes the dead time spectral change). This assignment permits the calculation of the rate constants for the transfer of an electron from Fe/S I to the flavin and the reverse. The observed rate constant must be the sum of the forward and reverse reactions and the ratio of these rate constants may be calculated from the relative oxidationreduction potentials of the Fe/S I (ox/red) and FADFADH.
couples from the Nernst equation:
At pH 8.5, the two potentials are approximately equal (12) and kl -1.0. As kbbS = 330 s-* at pH 8.5, the rate constants for electron transfer from Fe/S I to FAD and the reverse may thus each be calculated to be approximately 165 s-' at pH 8.5. At pH 6.0, the value for K, is approximately 30 (in favor of FADH . formation) and with k b a = 160 s-', the corresponding values for kl and k-l are 155 s-' and 5 s-', respectively. It thus appears that the rate constant for electron transfer from flavin to Fe/S I is almost pH-independent, whereas the reverse reaction decreases by an order of magnitude on lowering the pH from 8.5 to 6.0. Given the uncertainty in the relative reduction potentials used in the calculations, these calculated rate constants for specific electron-transfer steps must be regarded as only approximate. The important conclusion remains, however, that the equilibrium distribution of reducing equivalents is rapidly attained following a perturbation of the potentials by jumping the pH and that some of the individual rate constants involved are considerably more sensitive to pH than others (as indeed is to be expected on the basis of the observation that the associated equilibrium constants must be pH-dependent; Refs. 4 and 12). It must be emphasized that the calculation of a relatively slow rate constant in one direction (e.g. 5 s" for the transfer of an electron from FADH .
to Fe/S I at pH 6) does not mean the equilibration process itself is slow, but rather that the equilibrium position lies far in one direction of the chemical equation shown. The equilibrium position is invariably rapidly approached after a perturbation.
The observations regarding the results with deflavo-and alloxanthine-complexed enzyme made above permit the spectral change taking place in the stopped flow dead time to be assigned to the net transfer of an electron from Fe/S I to Mo"' . This assignment is consistent with the observation that desulfoxanthine oxidase (which has a considerably lower molybdenum midpoint potential; Ref. 14) exhibits a smaller dead time spectral change than does the native enzyme (data not shown). This process must be taking place with a rate constant in excess of 1000 s" in order to be complete within the 2-ms dead time. No effort is made to calculate specific rate constants as above due to the uncertainty in t,he rate of approach to equilibrium. It should be noted that because the perturbation of the electron distribution within partially reduced xanthine oxidase on jumping the pH either up or down has little effect on the overall levels of Mo", FADHz, and Fe/ S I1 reduction under the present conditions, the rates of equi~ibration for processes involving these species cannot be determined using the pH-jump method. Nevertheless, it is clear from the present results that at least one oxidation state of both the molybdenum and flavin centers (Mov and FADH . , respectively) are able to equilibrate rapidly with FefS I, at least. It thus appears likely that the observed rate constant of 330 s" reflects a lower limit for the equilibration of reducing equivalents between the sites under the present experimental conditions (0.1 M pyrophosphate, pH 8.5,25 "C).
The results presented here are in conflict with the conclusions of Bhattacharyya et al. (ll), who reported rates for the transfer of reducing equivalents among the several centers in xanthine oxidase of 0.2-40 s-' . Specifically, the rate constants assigned for the transfer of an electron from Fe/S I to molybdenum and Fe/S I to FADH. were 38 s" and 8.5 s-' , respectively. (The proposed scheme of Bhattacharyya et al. (11) included no direct oxidation-reduction interaction between flavin and Fe/S I. The rate constant cited here is calculated using the equation l/kobe = l/kl + l/kp, where kl and kz are the rates for electron transfer from Fe/S I to molybdenum, 38 s-', and for transfer from molybdenum to flavin, 11 set, respectively, according to the equilibration scheme arrived at by these workers). In this study, a flash photolysis system was used to rapidly generate reducing equivalents by photoreduction of 5-deazaflavin (using EDTA as the ultimate source of reducing equivalents). There are several technical difficulties associated with this technique, however, including compIex formation between the deazaflavin donor and enzyme prior to photoreduction, the generation of organic radicals from EDTA having unknown reactivity toward the (now partially reduced) enzyme, and the tim mate formation of g~yoxylate (a substrate for xanthine oxidase) from the photooxidized EDTA (21). The principal difficulty, however, rests in the fact that the photoreductant, once generated, must subsequent react with enzyme. The possibility must be considered that ratelimiting steps are involved in the introduction of reducing equivalents into the enzyme, even when the deazaflavin is bound to the enzyme. The subsequent equilibration processes could thus be rapid, but not associated with the rate-limiting steps. No effort was made to reconcile the apparent conflict between the flash photolysis results and those of numerous conventional kinetic studies on xanthine oxidase.
The pH-jump technique itself, however, is not without limitations. Apart from the shortcoming mentioned above regarding the inability to determine the rates of equilibration for each pair of sites in the enzyme, one must be concerned with perturbations of the properties of the enzyme other than the shifts in reduction potential. Perhaps the most serious possibility is that a protein conformational change associated with the change in pH is somehow rate-~miting for the reequilibration process. While there is no evidence for such a conformational change from a comparison of the ultraviolet circular dichroism spectra at low and high pH (present work, data not shown) or from the control experiments with pH indicator dyes described under "Materials and Methods," this possibility cannot be completely discounted. Were this the case, however, the implication would be that the equilibration of reducing equivalents within xanthine oxidase takes place at rates even faster than the observed rate (some 330 s" at pH 8.5). Even in this case, the underlying assumption of the rapid equilibrium model, namely that reducing equivalents equilibrate among the several redox active sites in xanthine oxidase rapidly compared with the rates at which they are introduced to or removed from the enzyme, would remain substantiated.
